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A source channel encoder, source channel decoder and meth-
ods for implementing such devices are disclosed herein. The
source channel encoder includes a linear transform encoder
configured to generate a plurality of source components. A
successive refinement quantizer is configured to generate a
plurality of bit planes based on the source components. A
systematic linear encoder configured to map the bit planes
into channel-encoded symbols. The linear transform encoder
may be configured to apply a Discrete Cosine Transform
(DCT) or a Discrete Wavelet Transform (DWT). The linear
transform encoder may be configured for differential encod-
ing.
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SYSTEM AND METHOD FOR LOSSY
SOURCE-CHANNEL CODING AT THE
APPLICATION LAYER

CROSS-REFERENCE TO PRIOR FILED
APPLICATIONS

This application claims priority to earlier filed provisional
application 61/416,986 filed on Jun. 18, 2010, which is incor-
porated herein in its entirety.

UNITED STATES GOVERNMENT RIGHTS

This invention was made with government support under
CNS-06-25637 and NeTs-07-22073 awarded by U.S.
National Science Foundation. The government has certain
rights to this invention.

FIELD OF INVENTION

The invention relates to communications systems gener-
ally and more particularly relates to multicasting multimedia
streaming systems.

BACKGROUND

Multimedia streaming over heterogeneous digital net-
works is one of the fastest growing applications both in terms
of traffic demands and in terms of market potential. Systems
can include a server, multicasting a multi-media source (au-
dio/video) to anumber of clients. Such systems lack a mecha-
nism to provide real-time multicasting where the decoding
delay is the same for all users; but each user reconstructs the
source at a possibly different distortion, level, depending on
its own channel capacity.

SUMMARY OF THE INVENTION

A source channel encoder, source channel decoder and
methods for implementing such devices are disclosed herein.
The source channel encoder includes a linear transform
encoder configured to generate a plurality of source compo-
nents. A successive refinement quantizer is configured to
generate a plurality of bit planes based on the source compo-
nents. A systematic linear encoder is configured to map the bit
planes into channel-encoded symbols. The linear transform
encoder may be configured to apply a Discrete Cosine Trans-
form (DCT) or a Discrete Wavelet Transform (DWT). The
linear transform encoder may be configured for differential
encoding. The quantizer may be configured to generate a top
(most significant) bit plane and a plurality of lower signifi-
cance bit planes configured with decreasing resolution. The
systematic linear encoder may include a Raptor encoder. The
systematic linear encoder may be configured to directly map
the bits planes into the channel-encoded symbols, e.g., with-
out an intervening compression function. The systematic lin-
ear encoder may be configured to generate a minimum num-
ber of channel coded symbols based on a pre-determined
distortion level. The systematic linear encoder may be con-
figured to minimize a weighted sum of distortion levels based
on a pre-determined number of channel coded symbols. The
systematic linear encoder may be configured to minimize a
maximum gap with respect to individual optimal distortion
across all users based on a pre-determined number of channel
coded symbols.

The source channel decoder includes a plurality of Belief
Propagation (BP) decoders configured for successive decod-
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ing. Each BP decoder is associated with a single bit plane and
is configured to generate a soft estimate of the bit plane based
on an a-posteriori Log-Likelihood Ratio (LLR). A recon-
struction engine is configured to produce an estimate of a
source sample based on the a-posteriori LRRs generated by
the BP decoders. The BP decoders may be configured to
generate a hard estimate based on a Maximum A-posteriori
Probability (MAP). The hard estimate may be passed to a
successive BP decoder stage. The reconstruction engine may
be configured to produce an estimate of the source sample
based on minimum mean-square error (MMSE) criterion.

The method of encoding a source includes transforming
the source using a linear transform and generating a plurality
of source components. Successive refinement quantization is
performed and a plurality of bit planes are generated based on
the source components. Systematic linear encoding is per-
formed to map the bit planes into channel-encoded symbols.
The linear transform may be a Discrete Cosine Transform
(DCT) or a Discrete Wavelet Transform (DWT). The linear
transform may generate differential encoding. Top (most sig-
nificant) bit plane and a plurality of lower significance bit
planes configured with decreasing resolution may be gener-
ated. Raptor encoding may be performed. The bits planes may
be directly mapped into the channel-encoded symbols. A
minimum number of channel coded symbols may be gener-
ated based on a pre-determined distortion level. A weighted
sum of distortion levels may be minimized based on a pre-
determined number of channel coded symbols. A maximum
gap may be minimized with respect to individual optimal
distortion across all users based on a pre-determined number
of channel coded symbols.

The decoding method includes successively decoding a
plurality of bit planes and generating a soft estimate of each
bit plane based on an a-posteriori Log-Likelihood Ratio
(LLR). An estimate of a source sample is generated based on
the a-posteriori LRRs. A hard estimate may be generated
based on a Maximum A-posteriori Probability (MAP). The
hard estimate may be passed to a successive decoder stage. An
estimate of the source sample may be generated based on
minimum mean-square error (MMSE) criterion.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 is a block diagram showing multicasting of a mul-
timedia source to many heterogeneous terminals through an
heterogeneous network (Internet);

FIG. 2a is a block of an encoder;

FIG. 25 is a block diagram showing encoder functionality;

FIG. 3 is a diagram showing possible bit-plane allocation
to layers;

FIG. 4 is a block diagram of an encoder, for the case of
m, /=3 stages;

FIG. 5 shows, qualitatively, the typical shape of the func-
tions r,(d);

FIG. 6 is a block diagram showing Discrete Wavelet Trans-
form (DWT) subband decomposition and corresponding
source component blocks;

FIG. 7 is a graph showing reconstruction peak signal-to-
noise ratio (PSNR) versus channel capacity;

FIG. 8 shows reconstructed image snapshots for a range of
capacity values for a JPEG2000/Raptor embodiment (top)
and a quantization with linear index coding embodiment (bot-
tom); and

FIG. 9 is a Tanner graph of systematic Raptor codes.

DETAILED DESCRIPTION OF THE INVENTION

Multimedia streaming over heterogeneous digital net-
works is one of the fastest growing applications both in terms
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of traffic demands and in terms of market potential. Systems
can include a server, multicasting a multi-media source (au-
dio/video) to a number of clients. In one embodiment, a
system can include support at the application layer. The
underlying network (from the server to the clients) can be
modeled as an erasure broadcast channel. Erasures represent
packets that are lost in the network, for any reason such packet
dropped due to congested nodes, or packet dropped because
corrupted by unrecoverable channel errors. The underlying
network may encompass any sort of heterogeneous wired or
wireless network without departing from the scope of this
disclosure. For example, the system may be formed using an
Internet backbone, connected to a wireless router, or to a
wireless cellular base station, or even with a DSL line to the
end users.

A multimedia streaming application is generally an over-
lay system, that is, it operates at the application layer by using
a fixed transport mechanism already built-in to the network,
e.g., the User Datagram Protocol (UDP) currently used as an
alternative to TCP on top of the ubiquitous Internet Protocol
(IP). A conventional approach consists of establishing indi-
vidual streaming sessions from the server to each user. This
may be very inefficient when many users wish to receive the
same content (e.g., in mobile television or video on demand
applications). As disclosed herein, it is possible to use an
efficient scalable Joint Source-Channel Coding (JSCC) for
the transmission of a source over an Erasure Broadcast Chan-
nel. This approach is referred to as JSCC at the application
layer since the underlying physical channels is disregarded, in
contrast to most common JSCC approaches.

A system may be formed as follows: at the encoder
(server), a natural multimedia source is encoded using stan-
dard transform coding, with possible differential encoding in
order to reduce the redundancy in the time domain. The
subbands of the transform/differential encoder are quantized
by multiresolution (embedded) quantization, thus producing
redundant bit-streams for successive refinement. Instead of
using conventional entropy coding (e.g., arithmetic coding)
in order to remove the redundancy in the bit-streams, the
redundant bits are directly mapped onto channel-encoded
symbols, using a family of linear encoders. The linear encod-
ing of the bit-streams is performed independently, for each
bit-stream, and may be implemented by any good family of
systematic linear codes with tunable rate (for example, this
can be obtained using a rateless code, a library of punctured
turbo codes, a library of LDPC codes etc. . . . ). The allocation
of'the source layers to different users is optimized according
to an optimal resource allocation algorithm that can incorpo-
rate suitable distortion criteria. At each decoder (client), the
source layers are decoded successively, up to the layer allo-
cated to the given user. Decoding may be performed using
low-complexity Belief Propagation iterative decoding. The
source may be reconstructed according to the minimum
mean-square error (MMSE) criterion using softbit recon-
struction. The system may be implemented using rateless
codes and in particular Raptor Codes, since they offer a
simple way to generate a very flexible adaptive rate encoding.

This disclosure encompasses systems used in real-time
multicasting where the decoding delay is the same for all
users, but each user reconstructs the source at a possibly
different distortion level, depending on its own channel
capacity. The embodiments disclosed herein can be naturally
applied to static broadcasting (e.g., video on demand appli-
cations), if used jointly with well-known protocols such as
harmonic broadcasting. Simulation results may be used to
assess the effectiveness the proposed coding scheme showing
that it can achieve end-to-end distortion performance very

15

30

40

45

4

close to the theoretical limits with finite block length and low
encoding/decoding complexity.

Encoding

FIG. 1 is a block diagram showing multicasting of a mul-
timedia source to many heterogeneous terminals through an
heterogeneous network (Internet), modeled as an erasure
broadcast channel with packet losses with individual capaci-
ties C,=C,= . . . =C;. A server sends a stream of packets to
multiple users. In this example it is assumed that users are
partitioned into L classes, each of which is characterized by a
packet loss probability €, and therefore by a channel capacity
C/=1-¢, (capacity is measured in information bits per binary
transmitted symbol). The techniques disclosed herein allow
for transmission of a single encoded stream, such that each
user class can recover the source at a given desired level of
distortion, D,.

A system may be formed with the following building
blocks: an encoder (at the server), and decoders (at the cli-
ents). A description of the encoding and decoding processes is
set forth below. For the sake of simplicity, the specific
example of sending a digital picture is used. The disclosed
techniques may be directly applied to video, with frame-by-
frame encoding. As detailed below, the same encoding prin-
ciple can be combined with standard differential encoding for
video, in order to encode the residual frames after the elimi-
nation of the time-redundancy by motion compensation (as in
the MPEG-2, MPEG-4 and H.264 standards). Also, the dis-
closed techniques may be combined with so-called harmonic
broadcasting (also known as skyscraper architecture), in
order to implement video on demand applications with low
waiting time.

FIG. 2a is a block diagram of a source channel encoder 50
implemented in accordance with this disclosure. The encoder
50 includes a linear transform encoder 52 configured process
a source input and generate a plurality of source components.
A successive refinement quantizer 54 is configured to gener-
ate a plurality of bit planes based on the source components.
A systematic linear encoder 46 is configured to map the bit
planes into channel-encoded symbols for output. The encoder
may also include one or more processors 58. The encoder 50
can be implemented in hardware, software or a combination
of’both as is well known in the art with respect to such devices.
It should also be understood that encoder 50 may be embed-
ded within other devices such as a server. FIG. 25 is a block
diagram showing encoder functionality. As discussed above,
the encoder building blocks include:

1) Transform encoding, e.g., differential encoding in the
case of video, followed by a linear transform of the resulting
frames, e.g., Discrete Cosine Transform (DCT), Discrete
Wavelet Transform (DWT). This example is directed to the
encoding of a single image (single frame) and use of a DWT
generally in accordance with the JPEG-2000 image compres-
sion standard. It should be understood that the techniques
disclosed herein may be used with any suitable linear trans-
form. In this example, S is an sxk array of transform coeffi-
cients. Eachrow of S, denoted by S, is referred to as a source
component (encoded separately).

2) Quantization—each source component S is quantized
by using a family of embedded nonuniform scalar quantizers.
In this example, the quantization function is denoted as Q:
R —{0.1}", where 2 is the number of quantization regions
for the highest level of refinement. D ,(p) denotes the distor-
tion for the unit-variance source, with O=p<P quantization
bits, it follows that the distortion for the i-th source compo-
nent is given by Dg,i(p):q.zDQ(p), where o,” denotes the
variance of S®. The quantizer output for source S® is a binary
array U® of dimension Pxk, such that each column uj(i) con-
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tains the binary representation of the quantization of the cor-
responding source symbol sj(i). The rows of U®, denoted by
U(o,:)(i) forp=1,..., P, are referred to as bit-planes. Given the
multiresolution embedded nature of the quantizer, the source
is going to be reconstructed with distortion oizDQ(p), pro-
vided that the top (most significant) p bit-planes are used by
the decoder, while disregarding completely the bottom (least
significant) P-p bit-planes. The number of bit-planes that
must be used for reconstruction by decoders in each user class
lis indicated by x, ;. The determination of the values s, , for all
source components i and user class 1 defines a bit-allocation.
The determination of the optimal bit-allocation for a given
source frame S and users’ capacities C,< . . . =<C; depends on
the desired objective function to be optimized. This forms the
so-called resource allocation problem, is discussed below.

3) Linear encoding of the bit-planes into channel sym-
bols—FIG. 3 is a diagram showing possible bit-plane alloca-
tion to layers. For the given m,,: 7,,:,75,:, 7,,: values, corre-
sponding layer numbers are indicated for each bit plane. Let
7, ; denote the number of bit-planes of source component i
that must be decoded by user 1. Each bit-plane is encoded
separately and the coding rate is allocated such that each user
1 can successively recover the brt-planes 1=p=m,, for each
i=1,...,s. Thebit-planes U(p 3 D, for T, ;.1 <p=m, ;, are mapped
into codewords X, )( ) =U,,.. (l G, s where G,; denotes the
kxn, ; generator matrix of a suitable hnear code. This
approach uses a family of linear codes with block length and
rate flexibility. In brief, we need an encoding G,,, for dimen-
sion kxn,, , with any k and ratio O<k/n,, ;<1. In order to accom-
plish this great block length and rate ﬂexrbrhty, a systematic
Raptor Encoder may be used. This can be seen as a method for
constructing such family of encoding matrices, such that each
resulting linear code is an efficient code for the binary erasure
channel. For completeness, Appendix A summarizes the main
features of such a linear encoder. The overall channel-en-
coded block X is formed by the concatenation of all code-
words

{XG)

forp=1,...,Pandi=l,..., s, where it is understood that if
some bit-plane is encoded with zero bits, the corresponding
codeword is not present. The total source-channel encoder
output length is given by:

M

where, by definition, s, ,;=0. Due to the degraded nature of
the Erasure Broadcast Channel, the user 1is able to decode all
blocks (p,i) for 1=p=rm, ;and i=1, . . ., 5. The bit-planes can be
decoded in sequence, using the multi-stage decoder described
below. The overall number of channel encoded binary sym-
bols per source symbol is given by n/(sk).

Decoding

The following disclosure focuses on the decoder of user
class 1. For each source component, the decoder wishes to
reconstruct an approximation, in the MMSE sense, of the
source block S©. In order to do so, it decodes the bit-planes 1,
2,...,m foralli=1, ..., s. The bit-planes of each source
component can be decoded separately from the other source
components. We focus on the decoder for the i-th source
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component. The same technique may be applied to all source
components i=1, . . ., s and for all user classes =1, ..., L.

FIG. 4 is a block diagram of a source channel decoder 20,
for the case of m, /=3 stages. The decoder 20 includes a plu-
rality of Belief Propagation (BP) decoders 42, 44, 46 config-
ured for successive decoding. Each BP decoder 42, 44, 46 is
associated with a single bit plane and is configured to generate
a soft estimate of the bit plane based on an a-posteriori Log-
Likelihood Ratio (LLR). A reconstruction engine 48 is con-
figured to produce an estimate of a source sample based on the
a-posteriori LRRs generated by the BP decoders.

The input lines 22, 24 and 26 indicate the flow of the
received signal (from the 1-th channel output), lines 28, 30 and
32 indicate the flow of the hard decisions, propagated through
the successive decoding stages, and lines 34, 36, 38 and 40
indicate the flow of the decoders soft-output and recon-
structed estimated source block. As discussed above, the
decoder 20 may also include one or more processors 10. The
decoder 20 can be implemented in hardware, software or a
combination of both as is well known in the art with respect to
such devices. It should also be understood that decoder 20
may be embedded within other devices such as a client
device, e.g., a computing device, network appliance, mobile
phone, television or other multimedia device. The decoder
functionality is carried out by the following building blocks:

Successive Decoding: In order to decode the (p, i)-th bit-
plane, the decoder must make use of the conditional a-priori
probability P (U, \“1(Uq,7, . .., Uy y®) of the p-th
bit-plane, conditioned on the prevrous bit- planes 1, ...
p-1. The conditional probability mass function lP
U0 5@ Uy, ,@)isencoded and sentas aheader
information directly to the decoders, and therefore it is known
to the decoders.

The bit-planes may be decoded in sequence (successive
decodrng) Bit-plane (U,  may be decoded first, using the

a-priori probability mass functron P, ( ), known from
the header information. This is decoder stage 1. Then, bit-
plane (U, )(Z) may be decoded using the probability mass
function P (U, , ¢ IU(1 3 @), where U(2 )(Z) denotes the
decoded bit-plane decision made at stage 1. In decoder stage
2, bit-plane (U5, )() be decoded using the probability mass
function P (U(3 )(Z)IU(1 )( 2, U(2 )( %), where U(2 )(Z) the
decoded bit-plane decision made at stage 2. In decoder stage
3, the successive decoding process continues until the
required bit-plane index , ,.

Tterative Message Passing Decoding with soft-output, for
each stage: LetY , [ denote the channel output received by
user | corresponding to the transmission of X, @ The opti-
mal decoding rule at each stage p of the multi- stage succes-
sive decoder operates according to the Maximum A-poste-
riori Probability (MAP) principle, according to the rule

~ ()
U(p 4 = arg max [P(qu‘|Y(p e U(r YT

uel{0,1}

~ (@)

2
U 104) @

For sparse-graph codes, the MAP rule above would be
computationally too complex. Instead, a low complexity
iterative Belief Propagation algorithm (BP) may be used at
each stage of the multi-stage decoder. Raptor Codes may be
used for the linear encoding of the bit-planes. The BP
decoder, at each stage p, produces a sequence of Extrinsic
Log-Likelihood Ratios (Ext-LLRs) (see Appendix A)
denoted by {&, " j=1, , k}. The Ext-LLRs are com-
bined with the source a-prrorr LLRs given by A, ()(ul, ey

u,, ), as defined in Appendix B, in order to obtarn the a-pos-
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teriori LLRs, given by Ay, , 2y, . .., u,1)=E, » O+h,,;
(us - .., u, ). Then, for each quantlzatlon bit (p,j) a hard-
decision is made according to the MAP symbol-by-symbol
rule:

@ ~ )

) £ AD ©)
oo _{0 i AGpl0G1p0 - Uiprpt) 20

(pojht =
1 otherwise.

These hard decisions are passed to the next stage p+1.

Soft-bit MMSE reconstruction: the collection of all a-pos-
teriori LLRs {A (, , '} forallp,jand i are used for the source
reconstruction according to the minimum MSE (MMSE) cri-
terion, according to the rule (see Appendix B):

1 1

T
A ;
S = E E c(‘)(ul "'”Pi,l)| |
=

(i)
AD (g
w1 =0 i =0 i l+e Pl

&M il ) )

i)

where c@(u,, ..., u,, ) denotes the centroid of the quanti-
zation bin indexed by (u,, . . ., u, ) for the i-th source
component embedded quantizer, at ‘the u,, -th resolution
level. The rule above can be interpreted as the weighted sum
of all centroids of the u,, -th resolution level of the quantizer,
with weights given by the posterior probabilities of the quan-
tization bits decoded by the multi-stage BP decoder.

Resource Allocation

The Binary Frasure Broadcast Channel (BEBC) with L
receiver classes has input alphabet {0,1}, output alphabet
{0,1,e} (“¢” denoting erasure), and is defined by L Binary-
Erasure Channels (BECs) with erasure probability €, <. . . <€,
and capacity C;=1-¢;. For simplicity, each class is referred to
as a “user” since, in a multicast scenario, all users belonging
to the same class are statistically equivalent and achieve the
same performance. The capacity region of the BEBC is given

by:

®

L
R
={(R1, ,RL):Rlzo-Zé <l,lell,... ,L}}.
=1

This region is achieved by time-sharing of the coding strat-
egies that achieve the vertices of the region’s dominant face,
corresponding to the individual user capacities. A “broadcast
code” for the BEBC is obtained by multiplexing (time-shar-
ing) single-user codewords for the different users. The BEBC
belongs to the class of stochastically degraded broadcast
channels. Whatever can be decoded by user 1, can also be
decoded by all users j>1.

An (sxk)-to-n source-channel multicast code for the BEBC
is formed by an encoding function f: R ***—{0,1}" such that
S is mapped into the channel input codeword X=£(S), and by
L decoding functions g;: {O,I,e}” —R“* forl=1,...,L,such
that at each 1-th user receiver, the recelved channel output Y,
is mapped into the reconstructed source block S ~2AY)).

The details of the encoding function f(*) and decoding
functions g,(-) for the proposed scheme are detailed above.
The following disclosure is directed to optimizing system
parameters in order to achieve optimal distortion according to
certain specific criteria. A Weighted MSE (WMSE) distortion
measure may be defined as follows. Let the MSE distortion
for the 1-th decoder and the i-th source component be given by
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D, =

1 h 2
;[E(”S” | )
Then, the WMSE distortion at the 1-th decoder is defined as:

©

L
D= ;Zl: viDi g,
p

where {v,20: i=1, . . ., s}, are weights that depend on the
specific application. Let r,(-) denote the R-D function of the
i-th source component with respect to the MSE distortion.
Then the R-D function of S is given by:

1< 1<
R(D) = ming‘;:r;(d;), subject to ;; vid; = D.

M

Where {d;:i=1, ..., s} are dtummy optimization variables,
corresponding to the individual MSE distortions of the i-th
source components.

The functions {r,(d): i=1, .. ., s} depend the specific scalar
embedded quantizer Q(-) as disclosed above. These functions
are convex and non-increasing, and identically zero for

1,
d= Z[E[||s“)||2].

Each source component may be encoded individually, into L.
successive refinement codewords of appropriate rates. The s
codewords at successive refinement level 1 form the 1-th
source layer. Layers may be channel-encoded at a rate as
close as possible to the capacity C,, such that all users j=1 can
successfully decode, but no user j<-I can. Each user 1 recon-
structs the source using all layers from 1 to 1.

Assume that b=n/(ks) is the number of channel-coded bit
per source sample (referred to as “pixel” in the following).
Theratio b measures how many channel-encoded bits must be
sent, on average, for each source pixel, and it is indicated in
bit-per-pixel (bpp). Let R, ;, fori=1,...,sand 1=1, ..., L,
denote the source coding rate of source component i at suc-
cessive refinement level 1. This corresponds to kR', ; informa-
tion bits. Let R, denote the channel coding rate of layer 1.
Then, we have

L
=Y Rl =bR;,
S i=1

where the channel coding rate L-tuple (R, . . ., R;) must be
in the BEBC capacity region. The distortion for user1is given

by:

s 8
R

1=l

-

=5e)

As disclosed in the Encoding section, sparse-graph codes
(in particular, Raptor Codes) may be used to perform the
linear encoding of the bit-plane bits into channel codewords.
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A common feature of these codes is that they exhibit a post-
decoding erasure rate characterized by a very sharp “water-
fall” behavior: if R<C/(1+8), for some code-dependent factor
6>0, then the residual erasure probability is extremely small
(in fact, it vanishes in the limit of infinite block length).
Otherwise, for R>C/(1+0), the residual erasure probability
is ~e=1-C, i.e., the code is ineffective to recover the channel
erasures. The code operates “below threshold” if R<C/(1+0).
Otherwise, the code operates “above threshold”. Since Rap-
tor codes may be used, 6 is referred to as the coding overhead.

This layered approach is defined by the family of succes-
sive refinement source codes described by their R-D func-
tions {r,(d): i=1, . . ., s}, and by a family of channel codes
characterized by their overhead parameters {6,:1=1, ... ,L}.
Three system optimization problems, for three different per-
formance criteria are set forth below:

Minimum Bandwidth (MB): For given user target distor-
tions A= . .. zA;, we wish to minimize the number of coded
bpp b. Using the equations disclosed above, we have the
following problem:

)

Minimize b

{
subject to bz Rz
=

R, VI

Rl +86,
0 Rsovi
Cy

L
=1

This problem is immediately solved as follows: letting
R(A,)=0, we find that a necessary condition for optimality is
that the inequyities bR =zR(A,)-R(A, ;) holds with equality for
all1=1, .. ., L. Replacing these equalities into the capacity
region constraint, we obtain the solution:

i (RA) - R(A, DIL+6). {10

=1

Min Weighted Total Distortion (MWTD): For given b and
non-negative weights {4 ,}, we wish to minimize
Y, Fw D, The problem can be formulated as:

an

L
1
minimize wy| —Z viDiy
Z T
=1

=1

L
Ri(1 + 6,
subject to " l(c D1 R0Vl

=1 g
i

<bZR Viot=Dy= ...

R[lle\/D‘,
=1

i=1

=D;; =0,V

where the optimization variables are the partial source-
layer dlstortlons {D, ;} and the channel coding rates {R,}, and
where o,” denotes the variance (per symbol) of the i-th source
component S®.

Min-Max Distortion Penalty (MMDP): For given b, we
wishto minimizemax,_,  ,D/D%, where D,**<R~"(bC,)
is the R-D bound for user 1 as if it was the only user in the
system (single-user bound) and ideal (capacity achieving)
channel coding was possible. The problem can be formulated
as:
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Minimize o (12)

L
Ri(1+6,
subject to Z l( ) =<1,
=1

R0V

R[liva, <bZR V1

=1 =1

Lo
—ZVD‘,<0szp' Vio?eDy= ... 2D 20,
5

i=1

where the optimization is with respect to a, D, ; and {R,}.
The following sections particularize the above problems to
some significant cases.

In order to apply the general optimization problems to this
setting, we need to define the R-D functions r,(d). Let U9=Q
(S®) denote the sequence of binary quantization indices,
formatted as an Pxk binary array. The p-th row of U®,
denoted by U, )(Z), is referred to as the p-th “bit-plane”.
Without loss of generahty, we let Uy, )() denote the sign
bit-plane, and U(2 3 A U, (Z) denote the magnitude
bit-planes with decreasing order of significance. The quan-
tizer output U(” can be considered as a discrete memoryless
source, with entropy rate

. 1 .
HD = ;H(U(‘))

(in bits/source symbol). Using the chain rule of entropy, this
can be decomposed as H”=2,,_ ?I,”, where the conditional
entropy rates of the bit-planes are denoted by:

a3

1 . . .
HY = THUG, Uy - UGk p=1 .. P

Then, the set of R-D points achievable by the embedded
scalar quantizer using O, 1, . . ., P quantization bits is given by:

14

»
[Z H}‘), Doi(p)|, p=

J=1

where, by definition, Dg’i(O):Oiz. Using time-sharing, any
point in the convex hull of the above achievable points is also
achievable. Finally, the operational R-D curve r,(d) of the
scalar quantizer is given by the lower convex envelope of the
convex hull of'the points in the equation above. It is easy to see
that since P is finite, then r,(d) is a piecewise linear function.
Therefore, the resulting function r,(d) is convex and decreas-
ing on the domain, DQ,Z.(P)sdsoiz. FIG. 5 shows, qualita-
tively, the typical shape of the functions r,(d), a piecewise
linear operational R-D function for the i-th source corre-
sponding to a set of discrete R-D points.

As seen from FIG. 5, it is possible to represent r,(d) as the
pointwise maximum of a set of lines joining consecutive
points in the set in the equation above. Hence, we can write:
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rid)= max {a;pd +bip}, (15)
p=i, .. P

where the coeflicients g, , and b, , are obtained from the
prior equation (details are omitted for the sake of brevity). It
is also possible to obtain the operational R-D function of the
parallel source as the solution of a linear program. Introduc-
ing the auxiliary variables we have:

) 1 (16)
R(D) = ming;),1y;) ;Z i
i=1

. I¢ P
subject to ;Z vidi=D, 0=y < Z H}‘)V i

i=1 J=1

DQJ(P) = d; = 0"2\7' i, Vi z a;ypd; + b;,pV i, p.

The MWTD and MMDP problems defined before can be
modified to include the case of a given entropycoded embed-
ded quantization scheme, by using the above formulas
directly into the optimization problems. For example, the
MMDP problem can be written as follows:

Minimize & 17

L
Ri(1 + 6,
subjecttoz l(c () <1, R 201,

=1 t

s i

éZy‘;, < bz RiMLotz=Dy = ..

=1 =1

=Dy = Dgi(P) Vi,

Vig = aipDiy+ b;yp, Vil p.
2
O=yy = Z H}”.
=1

e
Vil =Y wDiy<aDP VL
i S;v < aby;

This problem formulation applies to any family of succes-
sive refinement source codes that can operate at a finite set of
possible R-D points.

In general, the coding rate overhead at each bit-plane may
be allocated such that each stage of the multi-stage BP
decoder works with enough reliability in order to: 1) provide
reliable hard decisions (3) in order to avoid error propagation
in the multi-stage decoder; 2) achieve output distortion close
enough to the designed quantization distortion. For each p-th
bit plane of the i-th source component, the overhead 8, , ; can
be optimized numerically, for the given family of codes. The
values 8,,,) depend, in general, on the bit-plane entropy
Hp(i), on the source statistics and on the I-th user channel
capacity, as well as on the coding block length k. Fortunately,
for the family of Raptor codes used herein, we have observed
that the dependence of the factors 6,, ; ; on the source statistics
and on the channel capacity is very weak. In fact, for a given
block length k, we can choose a set of values {ep: p=1,....P}
that is uniformly good for all sources and channel capacities.

Once the coding overhead factors {0,: p=1, . . ., P} have
been found (this can be done off-line and is not part of the
encoding algorithm), system optimization may proceed. For a
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given bit-plane to layers allocation defined by the integers
{m,;} (see FIG. 3), the number of coded bpp is given by:

) 18
HY(1+6,) a8

C

b=

i=l =1 p=my g+l

This is the same bandwidth efficiency corresponding to
ideal channel coding (zero overhead), and a modified quan-
tizer operational R-D function characterized by the set of R-D
points:

b 19)
ZH}‘)Q +0), Dpiplp=1.... . P.

J=1

It follows that the corresponding system optimization
problems are formally identical to what given before, in the
case ofideal channel coding, e.g., letting 6,=01in (17), with the
piecewise linear R-D functions (15) defined for the modified
R-D points.

EXAMPLES

As an example of the application of the system optimiza-
tion framework developed above, we consider the case of
lossy multicasting of digital (gray-scale) images over the
BEBC. Two embodiments are designed according to the
MMDRP criterion. The former is based on the concatenation of
a state-of-the art image coder, JPEG2000, with standard non-
systematic Raptor codes. The latter is based on scalar quan-
tization with linear index coding, as presented above.

JPEG2000 and Raptor codes—this case can be cast within
the problem formulation set forth above, for a single source
component (s=1) and where JPEG2000 plays the role of the
successive refinement source code. JPEG2000 produces a
bit-stream of source-encoded bits with the property that the
encoder output for any given bit rate is a prefix of the output
for any higher bit rate. For a given source image we can
generate a set of R-D points by considering an increasing
number of JPEG2000 output bits, sequentially. We consid-
ered the points (r,, d,) on the successive refinement R-D
curve generated by applying JPEG2000 to the test image that
we wish to encode. In particular, we considered the rate points
{r,:p=1,..., P} uniformly spaced in the interval [0.001; 1.2].
The lower convex envelope of the straight lines interpolating
these points defines the operational R-D function (D) of
the source encoder.

For the MMDP problem, since the “true” R-D function of
a given test image is not defined, we consider the operational
single-user bounds DZOP’:R].peg"l(bCZ). The solution of the
system optimization problem yields a set of user distortions
{D;: =1, . .., L}. Correspondingly, the JPEG2000 encoder
produces L successive refinement layers of size m;=k (R,
(D)-R,0o(D;.1)), where R, . (D,=0). Eventually, each 1-th
layer output by the JPEG2000 encoder is mapped into a
channel codeword of length n~m,(1+0,)/C, by the Raptor
encoder, and the . codewords are transmitted in sequence
over the BEBC. The degree sequence and the LDPC precoder
for the Raptor code used in this example are set forth in
Appendix A. Raptor codes over the binary-erasure channel
have an overhead 6, that depends on the coding block length
but it is independent of the channel erasure probability. For

ij eg
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the Raptor code ensemble used here and block lengths of the
example, the overhead is 6=0.065.

JPEG2000 produces a header containing very sensitive
information, the loss of which prevents from reconstructing
the source at any level of refinement. In this example, the
header is formed by 255 bytes. The header information was
separately encoded using channel coding rate 0.1 (much
lower than the worst user capacity C, for which the technique
is optimized), so that the header is decoded by all users with
negligible probability of error. The encoded header accounts
for less than 5% of the overall bandwidth efficiency.

Quantization with linear index coding—in this case, the
source image is decomposed into a set of “parallel” source
components by a suitable linear transform. In this example,
the DWT of JPEG2000 set forth above was used. Using W
levels of DWT, the transformed image is partitioned into 3
W+1 “subbands”. FIG. 6 is a block diagram showing DWT
subband decomposition and corresponding source compo-
nent blocks considered in the numerical example. The shaded
blocks are actually encoded (non-zero rate) while the others
are discarded, as a result of the MMDP system optimization
for L=3, user capacities, C,=0.3645, C,=0.6, C;=0.9 and
b=0.5. The subband decomposition example shown in FIG. 6
is for W=3. This produces 3 W+1=10 subbands, which in the
figure are indicated by LL0, HL.1, LH1, HH1, HL.2, LH2,
HH2, HL.3, LH3, HH3, respectively. The subbands have dif-
ferent lengths, all multiples of the LL0 subband length. For
simplicity, we partition the whole DWT coefficient array into
source component blocks of the same size of the LL0 sub-
band. This yields s=2>" source component blocks of equal
length k=N?*/s, where NxN indicates the size of the original
image. The MSE distortion is given by a weighted sum of
subband distortions, where the weights correspond to the
1,—norm of'the synthesis filters impulse responses. For W=3,
the weight of a source component block in subband
w={1, ..., 10} is given by the w-th coefficient of the vector
[19, 1°h, 1°h, I*b3, I°h%, 1°h®, 1?h?, 1h, Th, b?], where, for the
particular wavelet we have considered here (e.g., the CDF 9/7
wavelet used by JPEG2000 for lossy compression), 1=1.96
and h=2.08.

Similarly to the case of parallel Gaussian sources, each
source component block may be independently quantized
using a suitably optimized non-uniform embedded scalar
quantizer. Then, the quantized bit-planes are linearly encoded
using a systematic Raptor encoder (again, the Raptor degree
sequence and LDPC precoder for this example are given in
Appendix A). The quantizer R-D points are obtained by mea-
suring the actual quantizer distortion on each source compo-
nent block. In this example, for a test image of size 1024x
1024 with DWT depth W=3 we have source component
blocks of length k=16384, which coincides with the size of
the LL0 subband.

The multi-stage BP decoder needs the knowledge of the
conditional bit-plane pmfs for each source component. While
for the parallel Gaussian source model these probabilities are
known a priori, in the case of digital images this must be
estimated from the sequence of quantized DWT coefficients.
In conventional source coding schemes (e.g., JPEG2000)
these probabilities are implicitly estimated by using sequen-
tial probability estimators implemented together with the bit-
plane context model and arithmetic coding. With linear index
coding, these probabilities may be estimated by ML probabil-
ity estimators and encoded into a header. The corresponding
a-priori LLRs defined above are encoded and suitably quan-
tized by using a number of bits dictated by the Rissanen
bound, as discussed above. The bit-plane a-priori probabili-
ties and the source components empirical variances and
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means form the header information for the linear index cod-
ing scheme. In this example, the header for linear index
coding is formed by 255 bytes, as for the corresponding
JPEG2000 case, and it is separately encoded with channel
coding rate 0.1. Thus, the header information overhead is
identical for both schemes.

A test system was used with [.=3 users with capacities
C,=0.3645, C,=0.6 and C;=0.9 and a target bandwidth effi-
ciency of b=0.5 channel-coded bits per pixel. The standard
test image Lena was used with a size of 1024x1024, with
grey-scale 8-bit pixels. For the linear index coding scheme, 3
levels of DWT are used. The solution of the MMDP problem
yields that only the shaded source blocks in FIG. 6 are effec-
tively encoded, i.e., are allocated non-zero rate for at least the
fundamental layer. All the other source blocks are recon-
structed at their mean values.

FIG. 7 is a graph showing reconstruction peak signal-to-
noise ratio (PSNR) versus channel capacity. R-D operating
points are shown for three users, corresponding to the MMDP
solution for the two embodiments described above compared
with the single-user bound for b=0.5. For both embodiments,
the solution of the MMDP problem yields a constant PSNR
gap from the single-user bound. The gain of the concatenated
JPEG2000/Raptor scheme over the linear index coding
scheme is consistent with the gain shown in the pure com-
pression case. This shows that the performance loss of the
latter is entirely due to the quantization, while linear index
coding with multi-stage BP decoding and soft-bit reconstruc-
tion performs very close to the theoretical limits.

FIG. 8 shows reconstructed image snapshots (only a detail
is shown for better understanding) for the following capacity
values (from left to right) C=[0.3000, 0.3143, 0.3215, 0.3502,
0.3573,0.3611, 0.3645, 0.6000, 0.9000] for JPEG2000/Rap-
tor scheme (top) and the quantization with linear index coding
scheme (bottom). The three rightmost images in both rows
correspond to the target distortions for the three users at
capacities C,=0.3645, C,=0.6000 and C;=0.9000 (note that
these images correspondto points a, b, ¢, d, e, fin FIG. 7). The
other snapshots correspond to the mismatch region C €[0.3,
0.3645]. Snapshots of the reconstructed image at the three
users are shown in the three rightmost images of FIG. 8 for the
JPEG2000-based scheme (top line) and the linear index cod-
ing scheme (bottom line).

Robustness to mismatched channel capacity—as antici-
pated, the main advantage of linear index coding consists of
its robustness to residual post-decoding erasures. In order to
illustrate this aspect, we consider the case of a mismatched
user with channel capacity less than the minimum channel
capacity C1 for which the system is designed. We simulated
the performances of the systems designed for the nominal
capacities C,, C,, C; given before, over a BEC with capacity
Cvarying inaninterval [C,, C;], with C,<C,.ForC¢[C,, C,],
the system transmits at rate above the channel capacity.
Therefore, even the fundamental layer (layer 1) operates
“above threshold”, and it is affected by a very large number of
post-decoding erasures.

FIG. 8 shows snapshots of the reconstructed images (de-
tail) for increasing values of C for the case of JPEG2000 with
Raptor coding and quantization with linear index coding. The
JPEG2000/Raptor scheme shows a very sharp degradation as
soonas C drops below the target nominal design value C,, due
to the very sharp “waterfall” behavior of the Raptor code and
to the lack of robustness of a conventional source coding
scheme to residual erasures. The post-decoding erasure rate
for C<C, is close to 1-C, i.e., more than 64% of the source-
coded bits are erased in this case. This is so large that the
source decoder fails to reconstruct the image despite all the
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“resilience” tools of JPEG2000. In contrast, the scheme based
on embedded scalar quantization and linear index coding
shows a much smoother transition, qualitatively similar to the
behavior of “analog” transmission. Even for values of C
significantly smaller than the design capacity C, the recon-
structed image has some non-trivial subjective quality.

For the above experiments the ‘“kakadu” open source
JPEG2000 image coder was used. The error resilience tools
provided by the JPEG2000 standard (i.e., the SOP, SEG-
MARK, ERTERM and RESTART strategies) were enabled.
In particular, with RESTART, the context statistics was
restarted at the beginning of each coding pass. With
ERTERM, the encoder enforces a predictable termination
policy for the entropy coder. With SEGMARK, a special
symbol was encoded at the end of each bit-plane. With SOP
start of packet markers were inserted in front of every packet.
At the decoder side the kakadu “resilient” feature was
enabled, in order to obtain the best possible result. The code-
block size used was the standard in kakadu, i.e., 32x32.

It should be understood that many variations are possible
based on the disclosure herein. Although features and ele-
ments are described above in particular combinations, each
feature or element may be used alone without the other fea-
tures and elements or in various combinations with or without
other features and elements. The methods or flow charts pro-
vided herein may be implemented in a computer program,
software, or firmware incorporated in a non-transitory com-
puter-readable storage medium for execution by a general
purpose computer or a processor. Examples of computer-
readable storage mediums include a read only memory
(ROM), a random access memory (RAM), a register, cache
memory, semiconductor memory devices, magnetic media
such as internal hard disks and removable disks, magneto-
optical media, and optical media such as CD-ROM disks, and
digital versatile disks (DVDs).

Suitable processors include, by way of example, a general
purpose processor, a special purpose processor, a conven-
tional processor, a digital signal processor (DSP), a plurality
of microprocessors, one or more microprocessors in associa-
tion with a DSP core, a controller, a microcontroller, Appli-
cation Specific Integrated Circuits (ASICs), Field Program-
mable Gate Arrays (FPGAs) circuits, any other type of
integrated circuit (IC), and/or a state machine. Such proces-
sors may be manufactured by configuring a manufacturing
process using the results of processed hardware description
language (HDL) instructions and other intermediary data
including netlists (such instructions capable of being stored
on non-transitory computer readable media). The results of
such processing may be maskworks that are then used in a
semiconductor manufacturing process to manufacture a pro-
cessor which implements aspects of the present invention.

What is claimed is:

1. A digital multicast system including a source channel
encoder configured to multicast a digital multimedia source
to a plurality of remote terminals each having a source chan-
nel decoder, the system comprising:

the source channel encoder comprising:

a linear transform encoder configured to generate a plural-

ity of source components;

a successive refinement quantizer configured to generate a

plurality of bit planes based on the source components
(for each), wherein the linear transform encoder and the
successive refinement quantizer are optimized for the
digital multimedia source; and

a systematic linear encoder configured to map the bit

planes into channel-encoded symbols configured for
multicasting to the plurality of remote terminals;
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the source channel decoder comprising:

a plurality of Belief Propagation (BP) decoders configured
for successive decoding of the channel-encoded sym-
bols, each BP decoder being associated with a single bit
plane and being configured to generate a soft estimate of
the bit plane based on an a-posteriori Log-Likelihood
Ratio (LLR); and

a reconstruction engine configured to produce an estimate
of a source sample based on the a-posteriori LRRs gen-
erated by the BP decoders using minimum mean-square
error (MMSE) criterion.

2. The source channel encoder of claim 1 wherein the linear
transform encoder is configured to apply a Discrete Cosine
Transform (DCT).

3. The source channel encoder of claim 1 wherein the linear
transform encoder is configured to apply a Discrete Wavelet
Transform (DWT).

4. The source channel encoder of claim 1 wherein the linear
transform encoder is configured for differential encoding.

5. The source channel encoder of claim 1 wherein the
quantizer is configured to generate a top (most significant) bit
plane and a plurality of lower significance bit planes config-
ured with decreasing resolution.

6. The source channel encoder of claim 1 wherein the
systematic linear encoder comprises a Raptor encoder.

7. The source channel encoder of claim 1 wherein the
systematic linear encoder is configured to directly map the
bits planes into the channel-encoded symbols.

8. The source channel encoder of claim 1 wherein the
systematic linear encoder is configured to generate a mini-
mum number of channel coded symbols based on a pre-
determined distortion level.

9. The source channel encoder of claim 1 wherein the
systematic linear encoder is configured to minimize a
weighted sum of distortion levels based on a pre-determined
number of channel coded symbols.

10. The source channel encoder of claim 1 wherein the
systematic linear encoder is configured to minimize a maxi-
mum gap with respect to individual optimal distortion across
all users based on a pre-determined number of channel coded
symbols.

11. The source channel decoder of claim 1 wherein the BP
decoders are configured to generate a hard estimate based on
a Maximum A-posteriori Probability (MAP).

12. The source channel decoder of claim 11 wherein the
hard estimate is passed to a successive BP decoder stage.

13. A digital multicast method including encoding a digital
multimedia source for multicasting to a plurality of remote
terminals, each having a source channel decoder, the method
comprising:

transforming the source using a linear transform and gen-
erating a plurality of source components;

performing successive refinement quantization and gener-
ating a plurality of bit planes based on the source com-
ponents, wherein the linear transform and the successive
refinement quantization are optimized for the digital
multimedia source; and

performing systematic linear encoding to map the bit
planes into channel-encoded symbols configured for
multicasting to the plurality of remote terminals;

receiving the channel-encoded symbols at the remote ter-
minal and successively decoding a plurality of bit planes
and generating a soft estimate of each bit plane based on
an a-posteriori Log-Likelihood Ratio (LLR); and

generating an estimate of a source sample based on the
a-posteriori LRRs using minimum mean-square error
(MMSE) criterion.
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14. The method of claim 13 wherein the linear transform is
a Discrete Cosine Transform (DCT).

15. The method of claim 13 wherein the linear transform is
a Discrete Wavelet Transform (DWT).

16. The method of claim 13 wherein the linear transform
generates differential encoding.

17. The method of claim 13 further comprising generating
a top (most significant) bit plane and a plurality of lower
significance bit planes configured with decreasing resolution.

18. The method of claim 13 further comprising performing
Raptor encoding.

19. The method of claim 13 wherein the bits planes are
directly mapped into the channel-encoded symbols.

20. The method of claim 13 further comprising generating
a minimum number of channel coded symbols based on a
pre-determined distortion level.

21. The method of claim 13 further comprising minimizing
aweighted sum of distortion levels based on a pre-determined
number of channel coded symbols.

22. The method of claim 13 further comprising minimizing
a maximum gap with respect to individual optimal distortion
across all users based on a pre-determined number of channel
coded symbols.

23. The method of claim 13 further comprising generating
ahard estimate based on a Maximum A-posteriori Probability
(MAP).

24. The method of claim 23 wherein the hard estimate is
passed to a successive decoder stage.

#* #* #* #* #*
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